Endothelial and neuronal nitric oxide synthases (eNOS, nNOS) are important signal generators in a number of processes including angiogenesis and neurotransmission. The homologous inducible isoform (iNOS) occupies a multitude of conformational states in a catalytic cycle, including subnanosecond input and output states and a distribution of 'open' conformations with average lifetimes of ~4.3 ns. In this study, fluorescence lifetime spectroscopy was used to probe conformational states of purified eNOS and nNOS in the presence of chaotropes, calmodulin, NADP + and NADPH. Two-domain FMN/oxygenase constructs of nNOS were also examined with respect to calmodulin effects. Optical biosensing was used to analyze calmodulin binding in the presence of NADP + and NADPH. Calmodulin binding induced a shift of the population away from the input and to the open and output states of NOS. NADP + shifted the population towards the input state. The oxygenase domain, lacking the input state, provided a measure of calmodulin-induced open-output transitions. A mechanism for regulation by calmodulin and an elucidation of the catalytic mechanism are suggested by a 'conformational lockdown' model. Calmodulin speeds transitions between input and open and between open and output states, effectively reducing the conformational manifold, speeding catalysis. Conformational control of catalysis involves reorientation of the FMN binding domain, of which fluorescence lifetime is an indicator. The approach described herein is a new tool for biophysical and structural analysis of NOS enzymes, regulatory events and other homologous reductase-containing enzymes. 3
Introduction
Synthesis of the signaling molecule nitric oxide by the endothelial and neuronal nitric oxide synthase isoforms (eNOS and nNOS) requires the delivery of three electrons from NADPH via a three domain reductase unit that comprises the C terminal portion of the enzymes. The endothelial isoform functions as a signal generator in cardiovascular system homeostasis [1, 2] , insulin secretion, in the control of cardiac function, angiogenesis, and other processes, while the NO produced by nNOS acts as a neurotransmitter in the central nervous system [3] [4] [5] , and as a signal in skeletal muscle. Calmodulin (CaM) regulates NO synthesis by eNOS and nNOS; the stimulation of electron transfer through flavin cofactors to the heme catalytic site is mediated by the intracellular Ca 2+ influx [6] .
The reductase unit of eukaryotic NOS is homologous to P450 reductase and includes NADPH, flavin adenine dinucleotide (FAD) and flavin mononucleotide (FMN) binding domains [6] [7] [8] [9] [10] [11] [12] [13] [14] . A canonical CaM binding site is located between the oxygenase domain and the FMN 4 binding domain. Both eNOS and nNOS have an approximately 42 residue autoinhibitory element (AI) as an insertion in the FMN binding domain and an extended C-terminal element that restricts electron transfer [15] [16] [17] [18] . In contrast, the inducible isoform (iNOS) produces NO as a cytotoxin in immune response [19] [20] [21] and is synthesized in response to cytokines. Lacking the AI and the extended C terminal inhibitory region, iNOS binds CaM very strongly and is not Ca 2+ regulated [22] .
CaM controls NO synthesis in eNOS and nNOS by regulating electron transfer. A formal tethered shuttle mechanism was proposed in which the FMN binding domain dissociates from a reductase complex 'input state' and reorients to transfer electrons to the oxygenase domain [7, 23, 24] . Work from other groups also supports shuttle mechanisms in which reductase function requires major conformational changes, e.g., [12, [25] [26] [27] [28] [29] [30] [31] . In addition to switching on the production of nitric oxide from a negligible rate, CaM binding to nNOS holoenzyme [27, [32] [33] [34] [35] increases NADPH cytochrome c reductase activity, typically by a factor of four, and significantly increases steady state flavin fluorescence [7, 12, [32] [33] [34] [35] .
iNOS holoenzyme and truncated constructs thereof exist in solution in multiple conformational states that can be resolved by FMN fluorescence lifetimes [36] . An input state that is likely the solution counterpart of homologous crystal structures was identified, with FMN and FAD forming a closely coupled chromaphoric dimer with a 90 ps fluorescence lifetime. An output state in which FMN is quenched by interaction with ferriheme can be detected in the truncated two-domain iNOS oxyFMN construct with a lifetime of 0.9 ps. The low quantum yield of this state is the reason for the low steady state fluorescence of FMN in iNOS holoenzyme. A heterogeneous distribution of 'open' states in which the FMN binding domain is associated with neither the two domain (FAD/NADPH) dehydrogenase unit nor the oxygenase domain can be detected with an average lifetime of ~4.3 ns. The kinetics cycle of the reductase unit requires the FMN binding domain to traverse states of this type as it moves between the input and output configurations.
Truncated NOS oxyFMN constructs (containing only the FMN and heme domains) have been useful in examining FMN domain-oxygenase interactions without interference from interactions between the FMN binding domain and the two domain dehydrogenase unit consisting of the NADPH and FAD binding domains, which dominate in holoenzyme [23] [24] [25] [26] [27] 37] . The absence of the low quantum yield FAD-FMN dimer of holoenzyme makes oxyFMN more fluorescent than holoenzyme [36, 38] 
Materials and Methods
cDNA encoding rat nNOS holoenzyme, a gift from Dr. S. Snyder (Johns Hopkins, MD), was cloned into pCWori+ [40, 41] . Rat nNOS was expressed in E. coli strain BL21DE3 and purified using ammonium sulfate precipitation followed by 2', 5'-ADP Sepharose chromatography or nickel chromatography [39, 41, 42] . Activity was measured by oxyhemoglobin assay, and was 500-700 nmols/min/mg protein [41] [42] [43] . Purified nNOS contained 0.8-1.0 heme/mol (CO difference spectrum extinction coefficient of 74 mM -1 cm -1 ), and FMN and FAD contents after extraction from nNOS were at least 90% of heme. Rat nNOSoxyFMN was expressed and purified as reported earlier [42] . It consists of the oxygenase and FMN binding domains, and is truncated directly after the negatively charged tail of the final alpha helix of this domain.
OxyFMN constructs lack the FAD and NADPH binding domains [42] . Bovine eNOS was similarly expressed in E. coli strain BL21DE3, and purified using 2', 5'-ADP Sepharose chromatography [44] .
Rapid kinetic experiments were performed using an Applied Photophysics SX stopped flow unit. Reactions were initiated by mixing 4 μM solutions of nNOS, 1 mM arginine, and 200 μM NADPH in air saturated bis-tris propane (BTP) with 10% glycerol, 100 mM NaCl at pH 7.5 with 120 μM calmodulin and 1 mM CaCl 2 . Kinetics of steady state fluorescence changes in response to calmodulin were performed by adding 10 μM calmodulin and 0.5 mM CaCl 2 to 1 μM nNOS in 50 mM MOPS, pH 7.4, 50 mM NaCl by simultaneously injecting both solutions into a cuvette; kinetics in these experiments were on the time scale of seconds and minutes. Similar slow kinetic experiments were performed by mixing with NADP + and excess EDTA.
Excitation and emission spectra were recorded on a PTI (now Horiba Scientific)
Quantamaster spectrophotometer at 23º C. Excitation and emission slits were both set at 5 nm, 8 and a PMT voltage of 600V was used. Samples were measured in a 1.2 ml quartz cuvette with a path length of 1 cm. The fluorescence of constructs was measured at a concentration of 2 μM in 40 mM BTP containing 1 mM DTT (pH 7.4). Flavin fluorescence emission spectra were measured by exciting samples at 473 nm, and fluorescence intensity were measured from 480 nm to 680 nm. All spectra were corrected for instrumental artifacts by subtracting the baseline emission spectrum of the buffer.
Time-resolved intensity decays were recorded using a PicoQuant Fluotime 100 or a PTI Picoquant time-correlated single-photon counting (TCSPC) fluorescence lifetime spectrometer as described earlier [36, 39, 45] . The excitation at ~ 440 nm was obtained using a pulsed laser diode with 20 MHz repetition rate; experiments conducted with excitation at 378 nm and 473 nm with similar lasers produced similar results. The excitation was vertically polarized and the emission was recorded through a polarizer oriented at 54.7°, the magic angle. Appropriate long-pass filters from Chroma Technology Group (Rockingham, VT) were used to eliminate scattered excitation light.
The fluorescence intensity decays were analyzed as the sum of individual single exponential decays: (1) where the τ i are the decay times and α i are the amplitudes. The fractional contribution of each component to the steady-state intensity is:
The mean (intensity weighted) lifetime is represented by:
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(3) and the amplitude weighted lifetime is given by:
The values of α i and τ i were determined using the PicoQuant Fluofit 4.1 (Professional Version) software with the deconvolution of instrument response function and nonlinear least squares fitting. The goodness-of-fit criterion was determined by the χ 2 value. See also [46] .
Biolayer interferometry was performed using a ForteBio Octet QK and streptavidin sensors as described [47] .
Results
Steady state FMN fluorescence in NOS is increased by CaM binding or addition of chaotropes that weaken protein-protein interactions [26, 38, 48, 49] . This is widely recognized as an indicator of conformational changes associated with CaM activation. Fluorescence emission spectra of FMN in all three NOS holoenzymes and FMN containing constructs are dominated by a broad band with a peak around 525 nm. The steady state fluorescence intensity of NOS holoenzymes is weak (less than 20%) in comparison to oxyFMN constructs or independently expressed FMN binding domains (based on total FMN); our work on iNOS showed that this is caused by formation of a short lived, low quantum yield FAD-FMN chromaphoric dimer in the majority state of the holoenzyme [36] . In iNOS and iNOS-derived constructs, FMN fluorescence can be represented as the sum of an electron input state with a lifetime of 90 ps because of strong 
where Q f is the fluorescence quantum yield of the isolated donor, κ 2 =(a . d-3(a . r)(d . r)) 2 is the dipole orientation factor, τD0 is the isolated acceptor lifetime, n is the refractive index of the surroundings, J(λ) is the spectral overlap integral, and R is the effective donor-acceptor distance in Å. The spectral overlap integral for FMN and FAD is ~ 4.6 x 10 -15 cm 3 M -1 [50] ; the overlap integral for FMN and high spin heme is ~ 0.9 x 10 -13 cm 3 M -1 , because the FMN emission spectrum overlaps the ferriheme and bands.
The radiative lifetime of FMN, calculated from absorbance and emission spectra, is 15-18 ns quantum yield of ~25%. The 1 ns output state has a quantum yield of ~ 6%, and the 100 ps input state has a quantum yield of less than 1%. The input state corresponds to the reductase crystal structures of nNOS and P450 reductase in which FAD and FMN are in Van der Waals contact [52, 53] . This state might be better described as a chromophoric dimer than by using the Förster equation. Figure 1A shows the temperature dependence of FMN fluorescence decay in nNOS. As the temperature is lowered from 37 o C to 4 o C, the population of the 90 ps state decreases and the 0.9 ns and 4.3 ns state populations increase. This suggests that the entropy of the input state is significantly lower than the entropies of the open state and output state, consistent with the exposure of a larger surface area in these states because of the breakup of the input state complex, requiring the formation of a larger shell of ordered water. Figure 1B shows the effects of chaotropes on the fluorescence decays of nNOS. Chaotropes have been shown to increase the FMN and tryptophan fluorescence of NOS and to increase the cytochrome c reductase activity, but they are not able to promote significant levels of NO synthesis. As shown here, perchlorate produces significant increases in the long-lived species associated with open conformations in which FMN is exposed to solvent and not closely associated with heme or FAD. Guanidine has similar effects (data not shown). Urea is much less effective ( Figure 1C ), but produces some increases in longer lived states at high concentrations.
NaCl and KCl at molar concentrations had no effect. The primary effects of chaotropes on NOS arise from destabilization of the short-lived input state, resulting in increased population of longlived, high quantum yield open states. NO synthesis is not supported because the output state cannot be reached. Highly concentrated nNOS and eNOS samples are much more stable than dilute enzyme.
When such samples are diluted from 50-100 μM to 1-2 μM for spectroscopy, they are initially largely in the input state, and it requires at least 10 minutes at 4 o C to approach a steady state conformational distribution in the absence of calmodulin. An example of this 'unpacking' effect is shown in Fig. 1D . Unpacking is faster in the presence of Ca 2+ /CaM. We attribute this effect, and the enhanced stability of the enzyme, to the formation of aggregates in which the NOS reductase domains interact, stabilizing the input state. at 525 nm decays as a multiple exponential, and reasonable fits require at least three components.
Lifetimes are again approximately 90 ps, 0.9 ns, and 4.3 ns, with the majority 90 ps state 13 typically accounting for just over half the population. The largest fractional occupation we observed in eNOS was just over 60%, considerably less than typical nNOS preparations. The long tail again appears heterogeneous. The dotted line is a single exponential with a rate constant of 23 s -1 , corresponding to a half time of 30 ms. This is in reasonable agreement with more extensive modeling of nNOS turnover through several cycles using a system of differential equations in a previous communication;
rates of heme reduction were 40-50 s -1 [10] . These results indicate that activation via CaM binding takes place within 10-20 ms of mixing, consistent with the diffusion limited rate of CaM binding, and the output state forms within 50 ms. In contrast, Figure 3B shows Amplitudes ("A x ") are the fractional populations of the states. Experimental traces are highly reproducible, but errors arising from fitting uncertainties reduce the confidence in both the lifetimes and amplitudes to about 10%; in the case of minor components the uncertainty is larger (e.g.: A 2 for eNOS in the best fit was 0.10, but nearly as good fits could be obtained with 20% larger or smaller components. A 2 for the nNOS full length immediately after dilution best fit was 0.03, but nearly as good fits could be obtained with values between 0 and 0.05. Variability in preparations is addressed in the text. Some values are from a prior report [39] and are noted. Preparations of both eNOS and nNOS exhibit significant variability in the populations of the states observed here. In nNOS the fraction of the enzyme in the input state is lower in preparations expressed at 25°C than in preparations expressed at 22 or 23°C. In some preparations the fractional population of the input state is over 60% even 10 minutes after dilution into buffer. If eNOS is expressed at 25°C, little or no input state can be observed. It is easy for eNOS to lose the ability to form the input state, and such preparations are inactive.
Preparations with significant input state populations respond to calmodulin in the same way
(shift towards open conformations). Figure 5 illustrates these effects. Fig. 5A compares binding of immobilized calmodulin to several eNOS preparations at 10 nM as previously described [40] ;
the best preparations bind with high apparent affinity and give large shifts comparable to the top trace shown. Reduction in CaM binding without loss of heme or flavin can be observed after exposure to mild alkaline conditions (pH = 8.8) or after incubation at moderate temperature. The fluorescence decay of a high quality eNOS preparation was shown in Figure 2 , and the fractional occupation of each state (amplitude) is given in Table 1 . Figure 5B In contrast, the FMN fluorescence of oxyFMN constructs that lack the FAD and NADPH binding domains is strong because they cannot form the highly quenched input state.
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The FMN fluorescence lifetime states of eNOS and nNOS closely correspond to those we recently reported for iNOS constructs [36] , and the assignment of the shortest lifetime (90 ps) state to the input state, the 0.9 ns state to the output state, and the longer lifetime states to open conformation appears to hold up well. A major difference between eNOS and nNOS on one hand and iNOS on the other is that in iNOS holoenzyme the level of output state is too low to be reliably detected, and must be less than 5%. In eNOS and nNOS holoenzymes in the presence of Ca 2+ and CaM the output state is readily detected and accounts for 12-15% of the total population. The iNOS output state can only be detected in constructs (e.g., oxyFMN) designed to suppress the input state.
This suggests that FMN/heme electron transfer in iNOS occurs in a state that is a small minority (< 5%) of the total conformational manifold. In eNOS and nNOS the control elements As pointed out in our iNOS study [36] , the slowest step is instead passage of the FMN This corresponded to much less than 1 electron per NOS, but appears consistent with 10-20% of the enzyme donating an electron on the timescale of 10 -20 ms, more than an order of magnitude faster than the large slow component. This is likely the result of a significant fraction of the enzyme locked into an open state that slowly equilibrates with the input state in the absence of CaM.
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Kinetic considerations and physical measurements suggest a heme-FMN edge to distance of 13.5 ± 1.5 Å in the iNOS output state [24, 55] and this is consistent with previous experiments using nNOS oxyFMN constructs [23, 37] . The output states of iNOS, eNOS and nNOS, having similar fluorescence lifetimes as a result of heme quenching, are likely to be very similar [36, 39] .
The relatively slow electron transfer rate in eNOS is not the result of an output state very different from the much more rapid electron transfer systems in nNOS and iNOS but to a King-Altman steady state in which a much smaller portion of the enzyme is in the kinetically competent state for heme reduction during turnover. This is likely to be due largely to the eNOS control elements, but contributions from interactions between domain edges and differences in linker regions may also contribute.
We have demonstrated that control of the nitric oxide synthase signal generators by Ca 2+ /CaM involves the control of major conformational reorientation of the FMN binding domain by CaM binding. The similarity of the FMN fluorescence lifetimes in the corresponding conformational states of all three isoforms is strong evidence that these states are similar, and that the different kinetic properties of these isoforms is due to differences in the rates of interconversion of these states, which results in the changes in steady state and equilibrium distributions in the conformational manifold.
